ABSTRACT: Scenario-specific numerical simulations were performed in order to assess the diffusive spreading of volatile fuel constituents and their biodegradation in the unsaturated soil zone. This is especially important in arid regions where the groundwater table is far below the surface and groundwater recharge is limited. The model results compare well with data from a controlled outdoor test with an emplaced source of kerosene. Modelling results illustrate that the overall biodegradation rates depend mainly on properties of the fuel constituents such as Henry's Law constant, on the individual degradation rate constants, the soil water content and temperature. The contaminant transfer rates into groundwater can be determined provided the spreading processes in the unsaturated zone are understood.
ontaminated land poses a serious problem with respect to soil quality and the risk of spreading of pollutants into other compartments of the environment. A major concern at most contaminated sites is the risk of groundwater pollution by organic and inorganic compounds. Since the remediation of all of the contaminated sites is economically not feasible in many countries, groundwater risk assessment procedures are needed for the ranking of sites, decision making on further use and remedial actions. Of special interest is Monitored Natural Attenuation (Wiedemeyer, 1999) , that thus far, is mainly applied in polluted aquifers and only to a very limited extent in the unsaturated zone.
At sites where petroleum products are handled or stored, contamination of the unsaturated soil zone is frequently found. Hydrocarbons can reach the groundwater by transport with percolating water and by spreading in soil-gas. Degradation processes can limit the spreading in the unsaturated soil zone and, in the best case, restrict the contamination to the unsaturated zone.
The objective of this study was to use numerical experiments to elucidate the processes/parameters which are relevant in contaminant spreading and thus for groundwater risk assessment. The results are compared to data from a well controlled field test performed at the Vaerlose Airforce Base, Denmark (Christophersen et al., 2002) . Sensitivity analyses were performed accounting for physical-chemical properties of volatile fuel constituents and properties of the soil.
Model
The numerical model MIN3P (Mayer, 1999) uses the finite volume method and allows for the calculation
of vapour phase transport and unsaturated flow in the vadose zone. Groundwater transport processes and mass transfer across the capillary fringe can be simulated as well and a variable number of geochemical reactions such as biodegradation processes can be handled (Mayer, 1999) . Density driven gas advection was not included in the simulations. It is often considered a significant transport process for compounds with very high vapour pressures in highly permeable materials such as coarse gravel. Hughes-Conant et al. (1996) , however, showed that in sandy material, density induced advection is of only minor importance.
The base scenario for the model was adapted to a well controlled field test in Denmark, where a small volume of a multicomponent NAPL (non-aqueous phase liquid) was buried and monitored over a time period of one year (Christophersen et al., 2002) . Site characteristics with respect to, for example, grain size distribution, geochemistry, and permeability, were implemented in the model as precisely as possible. The site had a vadose zone of 3.5 meters thickness, consisting of sandy and not too heterogeneous material. The source was emplaced in the subsurface at 1 m depth. The synthetic hydrocarbon mixture consisted of 13 volatile to semi-volatile kerosene compounds and one tracer (freon). Volatilization and vapour phase diffusion were investigated by Reckhorn et al. (2002) . Biodegradation processes were analyzed by Höhener et al. (2002) . Monitoring of the contaminant spreading in soil air and groundwater samples in a one-year measurement campaign allowed a comparison to modelled data. A compilation of model input parameters is given in Table 1 , and a vertical cross section of the model domain is shown in Figure 1 . To reduce computational time, several sensitivity analyses were performed in 1D and 2D, whereas the model was fitted to field data in 2D and 3D.
Results and Discussion
The contaminant spreading at the field site and the interactions of 13 kerosene compounds and the tracer could be reproduced reasonably well already by the non- calibrated model (pure forward prediction solely based on field and compound parameters). No depletion of O 2 was observed even at the source location, which coincides well with the field measurements. Ageing of the NAPL source results in the enrichment of the lower volatile compounds at the expense of the components with higher vapour pressure, which escape to the atmosphere. The transient evolution of the composition of the NAPL source is shown in Figure 2 , which can be regarded as a typical example of kerosene ageing during one year after spill. After 350 days only 5 compounds remain in the residual phase in significant amounts: xylene, tri-methyl-benzene, n-octane, n-decane, n-dodecane and methyl-cyclohexane. The contaminant flux into groundwater is very small compared to volatilisation of source constituents to the atmosphere. As already observed in previous studies (Klenk, 2000; Pasteris et al., 2001 ) the results show that for VOCs most of the contaminant mass will be degassing to the atmosphere or is subject to biodegradation, whereas only a small fraction diffuses across the capillary fringe into the groundwater (as long as the surface is not sealed). Groundwater recharge is a significant contaminant pathway only in soils with high water content (reduced vapour phase diffusion) and for compounds with low Henry's Law constants (e.g. MTBE in silt or clay). Maximum transport rates into groundwater occurred for the 2 most volatile and soluble compounds toluene and cyclo-pentane. Even in this case only about 0.2% of the total mass of each compound was transported into the groundwater. The flux to the atmosphere was most pronounced for the tracer (freon 113), the light alkanes (n-, iso-and cyclo-alkanes) due to their low biodegradation rate constants. Biodegradation was most important for the aromatic compounds (low Henry's law constant) and the heavier n-alkanes (high biodegradation rate constants). According to the model a total mass of 5 kg O 2 was consumed during one year of the experiment leading to production of CO 2 and water (oxidation of hydrogen contained in the hydrocarbons).
A view of a vertical cross-section through a 2D model domain is shown in Fig. 3 for the concentration of iso-octane, which is most concentrated in the original NAPL, at the time of its maximum concentration at the source location. The concentration decreases rapidly from the source zone. Significant contamination extends only in an area of 5 m in diameter due to biodegradation and volatilisation to the atmosphere. 
Sensitivity Analyses
To evaluate the importance of soil and meteorological parameters for the contaminant behaviour, sensitivity analyses on biodegradation rate constants, Henry's law constant H, aqueous saturation concentration C Sat for the different compounds, temperature, soil water content and possible anaerobic conditions were conducted in 1D and 2D. The overall biodegradation rate depends strongly on Henry's law constant. Highly volatile compounds are slowly degraded (see iso-octane, Figure 4 ) compared to low H compounds such as BTEX (see toluene in Figure  4 ), because biodegradation takes place only in the aqueous phase.
The ratio of the atmospheric escape to biodegraded mass versus H at a constant degradation rate constant (pseudo first order) is shown in Figure  5 . It demonstrates that low H compounds degrade more efficiently. This can be explained by the large fraction of such compounds occurring in the aqueous phase. Depletion of the NAPL phase can be accelerated by rapid biodegradation. This is because the evaporation of the NAPL constituents is enhanced due to steep concentration gradients which are maintained by biodegradation ( Figure 6 ).
Increasing soil water contents reduce the degassing to the atmosphere and thus slightly increase the fraction biodegraded as long as no oxygen limitation occurs. Higher temperatures enhance the volatilisation of the NAPL constituents in general and therefore lead to both, more rapid degassing to the atmosphere and faster biodegradation.
The significance of oxygen depletion at the NAPL source and possible anaerobic degradation scenarios were also tested using the model. Three different anaerobic scenarios can be distinguished: (1) degradation by electron acceptors such as nitrate and sulphate, (2) reduction of iron oxide or manganese oxide containing soil minerals and (3) methanogenesis. Nitrate and sulphate reduction (1) can be neglected due to the low concentrations in rain (Scheffer and Schachtschnabel, 1992) . Reduction of oxides (2) can occur e.g. in iron oxide rich soils, but is kinetically limited. Methanogenesis (3) is often observed in heavily contaminated soils if the oxygen supply is restricted. The scenarios required to establish anaerobic conditions were evaluated further as described below.
In a 1D scenario there is no lateral possibility for oxygen supply and anaerobic conditions can develop quickly, but this scenario is not very realistic for a field case. In a 2D model, the values required for methanogenesis at the field site are constant volumetric water content larger than 14 % (with a porosity of 35 %, a benzene fermentation rate constant of 7.8 x 10 -6 mg L (< 1 % Vol.) occur at the capillary fringe below the NAPL source. If soil water contents approach saturation, then the zone of methane formation moves closer to the NAPL source due to faster oxygen.
For the kerosene composition used in the field experiment, however, oxygen depletion was neither predicted by the model nor observed at the field site. Thus, anaerobic conditions can only be expected for fine grained material with high water content or very large, extended NAPL sources, especially if they are deep or close to the groundwater table.
Calibration
The numerical simulations demonstrated that in the scenario investigated most of the contaminant mass in the unsaturated zone will either be transported to the atmosphere or be subject to biodegradation. Only a very small fraction will diffuse across the capillary fringe and end up in the groundwater. Parameters, which are not measured independently have to be fitted in the model. This will occur most likely for the biodegradation rate constants in the unsaturated zone. After the contaminant spreading in the vadose zone is quantified, mass transfer to groundwater can be evaluated by realistic estimates of transverse vertical dispersion and diffusion in the capillary fringe (see Klenk and Grathwohl, 2002; Eberhardt and Grathwohl, 2002; Gaganis et al., 2002) .
If the model accounts for a depth and timedependent temperature field (lower vapour pressures in the winter months), then the agreement with measured data improves significantly compared to constant temperature simulations as shown in Figure 8 . A temporally variable unsaturated flow field due to infiltration events results in elevated concentrations of CO 2 during longer precipitation periods. This can be explained by higher pore water saturation in the top soil which diminishes the diffusive transport of the biodegradation product to the atmosphere. Figure 8 shows good agreement of field observations with pure forward-modelling. The field experiment is ongoing and more data will be provided in future papers.
Conclusions
Measured data at the controlled field experiment of a kerosene spill at V!rløse field test site, on Natural Attenuation in the unsaturated zone can be reproduced with the numerical model MIN3P. Modelling results illustrate that the overall biodegradation rates depend mainly on distribution parameters such as Henry's Law constant of the fuel constituents, on the biological degradation rate constant, on the soil water content, and on the temperature. The contaminant transfer into groundwater depends on all of these properties and can be determined after quantification of the processes in the unsaturated zone. Results of the field investigations allow the validation of the model, that can then be used to quantify the risk of groundwater contamination for a variety of different scenarios.
